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SR8 7/SR8 6 RATIOS IN ANORTHOSITES AND SOME ASSOCIATED ROCKS
By: Stanley A. Heath
Although some field and experimental studies
suggest a metasomatic origin for anorthosites, most
support a magmatic origin for this monomineralic (pla-
gioclase) rock. The composition and origin of the
presumed magma are controversial, however, and it was
thought that a strontium isotopic study of anorthosites
and their associated rocks would provide an additional
approach to the problem.
It has been found that the initial Sr87/Sr86
ratios for fifteen anorthosite bodies lie between
.703 and .706 relative to a value of .7080 for the
Eimer and Amend standard carbonate. This range of
values is the same as that found in continental basalts
and the data support an origin for anorthosite from
a generally basic or intermediate magma formed in the
upper mantle or lower crust. Origins involving meta-
morphism, metasomatism, or anatexis of argillaceous
limestones or other sediments appear uglike y. Such
sediments would be expected to have Sr 7 /Srob ratios
ranging upwards from .705, the value of marine lime-
stones and sea water one billion years ago, to .720
or more for shales. It woulb be possible to lower
these sedimentary ratios to the values observed in
anorthosites by metasomatism if the metasomatizing
fluids had a very low ratio. It seems unlikely that
such a mechanism would produce the narrow range actual-
ly found in anorthosites.
A whole rock isochron for Adirondack syenites
gives ap age of 1055 million years and an initial
Sr87/Sro6 ratio of .7060. This is identical within
experimental error to the .7049 value for the Adiron-
dack anorthosite, and suggests comagmatism of the
rock types. Three adamellite samples from Nain, La-o"° A^ " + 1i  o-n Nn v -%^  A 4- V-%
bra .or d Vnot li e on an ILLron, and the projected
(Sro7/Srb 6 )0 ratios for two of these samples are much
higher than the anorthosite value, indicating the rocks
are not comagmatic or have been greatly contaminated
by crustal rocks. Analyses of five samples of acid
rocks from the Penticote and Sept-Isles, Quebec areas
yield ambigous results.
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Title: Professor of Geology
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2ABSTRACT
Although some field and experimental studies
suggest a metasomatic origin for anorthosites, most
support a magmatic origin for this monomineralic (pla-
gioclase) rock. The composition and origin of the
presumed magma are controversial, however, and it was
thought that a strontium isotopic study of anorthosites
and their associated rocks would provide an additional
approach to the problem.
It has been found that the initial Sr8 7/Sr8 6
ratios for fifteen anorthosi.te bodies l.ie between
.703 and .706 relative to a value of .7080 for the
Eimer and Amend standard carbonate. This range of
values is the same as that found in continental basalts
and the data support an origin for anorthosite from
a generally basic or intermediate magma formed in the
upper mantle or lower crust. Origins involving meta-
morphism, metasomatism, or anatexis of argillaceous
limestones or other sediments appear unlikely. Such
sediments would be expected to have Sr87/SrB6 ratios
ranging upwards from .705, the value of marine lime-
stones and sea water one billion years ago, to .720
or more for shales. It would be possible to lower
these sedimentary ratios to the values observed in
I_^_ llla__ ^ _I_~L 1XI_~~ _C 1__CI__)_ I UICII-P~ -----XPy
anorthosites by metasomatism if the metasomatizing
fluids had a very low ratio. It seems unlikely that
such a mechanism would produce the narrow range actual-
ly found in anorthosites.
A whole rock isochron for Adirondack syenites
gives an age of 1055 million years and an initial
Sr87/Sr86 ratio of .7060. This is identical within
experimental error to the .7049 value for the Adiron-
dack anorthosite, and suggests comagmatism of the
rock types. Three adamellite samples from Nain, La-
brador do not lie on an isochron, and the projected
(Sr87/Sr 8 6 )o ratios for two of these samples are much
higher than the anorthosite value, indicating the rocks
are not comagmatic or have been greatly contaminated
by crustal rocks. Analyses of five samples of acid
rocks from the Penticote andSept-Isles, Quebec areas
yield ambiguous results.
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CHAPTER I
INTRODUCTION
In recent years Rb and Sr isotope ratios have
been measured for many igneous rock types and inter-
pretations of their origin based on the isotope data
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have been made. Whole rock Sr / Sr ratios for the
massive anorthosites have been lacking however, and
this study was undertaken to determine these ratios
and to discuss their bearing on the origin of anor-
thosites.
Geologists have generally divided anorthosites
into two groups: anorthosites occuring as layers in
stratified igneous intrusions such as the Bushveld
and Skaergaard complexes; and the massive anorthosites
such as the Adirondack massif. The feldspar of the
stratified anorthosites is generally bytownite, com-
monly grading to labradorite in the upper layers of the
complex.
The anorthosite of the massifs, with which
this paper is primarily concerned, generally consists
of a very coarse grained core of andesine-labradorite
with minor pyroxene, commonly hypersthene. Olivine
is sometimes present and is occasionally the major
mafic mineral. The borders of the bodies are often
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a more mafic, finer grained norite exhibiting a cata-
clastic texture. Complete transition from anorthosite
to norite or gabbro is present in most bodies, and
these rock types are accepted as having a common origin.
These massifs may have a large areal extent,
often over 1,000 square miles, and are entirely or
largely restricted to the late pre-Cambrian. They are
almost always found associated with a suite of hyper-
sthene bearing rocks ranging in composition from norites,
through mangerites to charnockites. Whether these rocks
have a common origin with the anorthosites or whether.
they are simply typical of the rock types to be expected
under the pressure and temperature conditions under
which anorthosites are formed or intruded is not known.
Certainly large areas of charnockitic rocks are known
in which anorthosite is not found.
Den Tex (1965) has contrasted the charnockitic
rock suite with the normal granite suite. He suggests
that in orogenic zones a granitic series of rocks in-
cluding wet migmatites and metamorphic rock of his
high temperature lineage gradually change with increasing
depth into rocks of the granulite facies, dry migmatites,
and plutonic rocks of the charnockite series. This
change is effected largely by increasing pressure and
~ _~__._ ICPI~-LYC--.~.~ I I~--~_~PL--I I ~-_-I~I~-- ___-l--l^l- ~- LII.
the dewatering of the affected rocks. He postulates
that the change, which results in an increased density,
is responsible for the Conrad discontinuity sometimes
found at a depth of 10 to 40 kilometers beneath major
orogenic zones. In any case, it is clear that anorthosites
are usually found in deeply eroded late pre-Cambrian
orogenic zones.
The shape of the various anorthosite masses
has been a point of considerable disagreement. The
best evidence is Simmon's (1964) gravity data on the
Adirondack massif. This body appears to be a large
sheet about five kilometers thick with two deep pipes
beneath areas in which the anorthosite exhibits a gneiss-
ic doming. The gravity anomaly is negative and there-
fore indicates that there is not a large amount of
gabbro or ultramafic material beneath the anorthosite.
Lavas of anorthositic composition are unknown;
however, von Eckermann (1938) and Harrison (1944) have
reported dikes of this composition near large anorthosite
bodies, apparently proving that anorthosite can exist in a
partially liquid, mobile state.
CHAPTER II
GEOLOGY OF INDIVIDUAL MASSIFS
Anorthosite massifs are known from North
America, Europe, Asia and Africa, and although charnoc-
kitic pre-Cambrian terranes are common in Australia,
South America and Antarctica the author knows of no
anorthosites from these continents. It seems likely
that this is the result of inadequate exploration of
these areas, especially South America and Antarctica,
and speculation on why anorthosite is not found there
seems unwarrented.
Following are brief outlines of the field and
petrographic relationships determined by various workers
for some of the many anorthosite bodies, with particular
emphasis placed on the possible origin of anorthosite.
The location of the bodies in North America are shown
in Figure 1. Those studied in this work are labelled
and the ages of the surrounding acid rocks are indicated.
The Anorthosite Massif of the Adirondacks
The Adirondacks region is a part of the Gren-
ville province of the Canadian shield. The highlands
region, of which the anorthosite is the core, consists
of about one-fourth Grenville metasediments and three-
fourths igneous rocks (Buddington, 1948). Approximately
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FIGURE 1
Anorthosite Locations in North America
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two-thirds of the igneous rocks are granitic or syenitic,
and the remaining third are gabbros and anorthosite.
Two of the syenites have given Rb-Sr whole rock ages
of 1092 and 1055 M.Y. and a zircon U-Pb age of 1125
M.Y. (Hills and Gast, 1964; Heath, this report; Silver,
1966). The anorthosite is probably somewhat older than
the syenite.
The anorthosite and gabbroic anorthosite
form a northeast trending belt with maximum dimensions
of 110 by 55 miles (Buddington, 1939). A principal massif
occupies the center of this belt and covers about 1200
square miles. Two principal facies of the Adirondack
anorthosite are recognized: an inner Marcy facies and
an outer Whiteface facies which grade into each other
(Miller, 1918). The Marcy facies is blue-grey, coarse
to very coarse, and generally contains less than 10%
mafics, largely hypersthene. It is normally unfoliated
and contains numerous large phenocrysts of andesine-
labradorite in a somewhat granular groundmass. The
Whiteface facies is medium-grained, more mafic, and
more strongly foliated than the Marcy type. Plagioclase
phenocrysts are present but fewer in number, and sodic
plagioclase begins to appear (Balk, 1933). As a whole,
the Whiteface facies is more granulated and finer
yllC__II  l ~(s_ ~ ----- 11I -I.i._. ~ ~I~---~XII~-l~PI~
grained than the Marcy facies.
Closely associated with the anorthosite is a
series of pyroxene syenitic rocks, whose relationship
with the anorthosite has been the subject of much con-
troversy among Adirondack geologists. A brief summary
of the field relationships follows:
Grenville series - numerous inclusions in syenite and
Whiteface facies, few in Marcy facies; well-defined
marble-anorthosite contacts, but somewhat blurred by
metasomatic effects.
Anorthosite series - anorthosite-gabbroic anorthosite
masses in Grenville; forms gradational zone (Keene
gneiss) with larger masses of syenite.
Syenite series - mainly transitional to anorthosite,
but also forms concordant and discordant intrusions;
some dikes cut anorthosite; contains numerous plagio-
clase phenocrysts identical to those in anorthosite;
contains inclusions of anorthosite and Grenville.
Origins Postulated for the Adirondacks Anorthosite
All geologists in the Adirondacks have assumed
a magmatic origin for the anorthosite. The problem
arises as to the composition and origin of the magma
and the manner in which the anorthosite crystallized
from it. In general there are two contrasting types
12
of hypotheses. The first type advocates an origin
attendant with plagioclase crystals accumulating from
a melt of different composition, while the second
type says that the anorthosite crystallized from a
liquid magma of approximately the same composition.
A corollary to this problem is the genetic relation-
ship of the anorthosite to the surrounding syenites.
The idea that anorthosites could form by
gravity accumulation of plagioclase crystals from a
magma was first advocated by Bowen (1917). He postu-
lates a laccolithic intrusion of gabbroic magma, in
which, after movement had ceased, the heavy mafic
minerals settled, leaving plagioclase crystals sus-
pended in liquid. As crystallization progressed, the
liquid fraction became lighter, allowing plagioclase
to sink and form masses of anorthosite. The residual
liquid finally crystallized to form syenitic rocks.
Cushing (1917), though in general agreement
with Bowen, believes that the syenite now associated
with the anorthosite represents a later intrusion from
a different source. He believes that the upper syenitic
facies of Bowen's differentiation sequence has been
removed by erosion.
Miller (1918) agrees with Cushing that the
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syenite is younger than the anorthosite. He generally
supports Bowen except that he believes the Whiteface
facies represents a chill zone and that no syenitic
residual fluids ever formed. He believes that the
anorthosite-syenite transitional rocks resulted from
assimilation of hot anorthosite by a slightly younger
syenite intrusion.
Balk (1931, 1944) suggests that filter pressing
rather than crystal settling was the dominant mechanism
of differentiation. He postulates a large lenticular
mass of magma moving through the crust. As the mass
moves clots of mafic minerals form, grow, and are left
behind. As cooling continues plagioclase crystals form
leaving a liquid of syenitic composition. The residual
liquid is then squeezed out of the magma chamber by
filter pressing, leaving behind anorthosite. He sug-
gests that the magma had a dioritic composition.
Buddington (1939) postulates a primary gabbro-
ic-anorthosite magma from which the anorthositic rocks
crystallized directly, with only enough differentiation
to produce the more gabbroic and noritic rocks. He be-
lieves that the syenites have an independent origin
and are younger than the anorthosite. He suggests that
the composition of the parent magma is represented
by the Whiteface facies, that is, approximately 80
per cent andesine-labradorite plus 20 per cent hyper-
sthene, with sufficient volatiles to lower the melting
point ot a reasonable figure.
Davis (1966) has supported Buddington's ideas.
In the Sr. Regis Quadrangle in the Adirondacks he
finds that the syenite grades from a mafic syenite at
its base upwards to a granite. He interprets this as
a gravity differentiated sheet. The contact of the
syenite with the anorthosite is sharp in most places,
and where transition rocks occur he finds that their
pyroxene compositions vary unsystematically with the
percent of mafics in the host rock. This, he suggests,
is appropriate for a contaminated rock.
De Waard and Romey (1966) have studied the
Snowy Mountain Dome in the Adirondacks. They find that
anorthosite grades upward and outward through norite,
jotunite, mangerite to charnockite, suggesting a co-
genetic origin for the rocks.
Anorthosites in the Grenville Province of Canada
The Grenville Province of Canada contains the
greatest number and some of the largest bodies of an-
orthosite in the world. Kranck (1961) has published
a survey of these anorthosites and has stressed the
1_1 I^_ ~i~~~L^__~_rl_~__lrr_~llC__1_~LIIII; ----~-l. -~-~PII~~
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importance of their tectonic position in the Grenville
province. He suggests that the great length of time
which elapsed during the orogeny which affected this
part of the shield may have played an important role
in the development of the anorthosite.
Many of the masses in this area have been
very poorly studied, but in general they are found to
be very similar to the Adirondack mass.
Harrison (1944) describes several anorthosite
bodies in southeastern Ontario. The anorthosite consists
of andesine-labradorite, coarse in the center of the
body, grading outward to finer grained more mafic rocks.
Diorites and syenites surrounding the anorthosite ex-
hibit both gradational and cross-cutting relationships.
Harrison suggests that the anorthosite was formed from
a magma of gabbroic anorthosite composition and that
the syenite is younger and unrelated to the anorthosite.
The St. Urbain anorthosite (Mawdsley 1927) has a core
of plagioclase of An composition, surrounded by
60
anorthosite with plagioclase as sodic as An . Acid
40
rocks surrounding the anorthosite contain andesite
crystals similar to those in the anorthosite and occa-
sionally small blocks of anorthosite. Mawdsley suggests
a close genetic relationship for all these rock types.
16
Hargraves (1962) believes that the anorthosite
of the Allard Lake area was formed from a volatile rich
anorthosite magma. He suggests that the mafic materials
were carried outward from the body by the volatiles,
resulting in the more mafic outer zone and producing
the surrounding pyroxene syenite gneiss by metasomatism
of the country rock.
A recent paper by Philpotts, A.R. (1966) has
summarized and extended the work on the Morin massive
in southern Quebec. He has shown from chemical analyses
of whole rock, plagioclase, and pyroxene samples that
the anorthosite-mangerite rocks form a definite series
with strong iron enrichment in the later rocks. He
suggests that the rocks are derived from a calc-alka-
line parental magma that underwent differentiation
in a very dry environment and hence gave rise to the
strong iron enrichment trend that is characteristic
of tho+leiit±c suites. AssImilatIon of acld country
rocks by the magma is invoked to explain the large
quantity of mangertes.
At the eastern edge of the Grenville province
in Newfoundland, Baird (1954) describes a small anor-
thosite mass that is similar to the Adirondacks body.
Further east, on Cape Breton Island, Nova Scotia,
17
Jenness (1966) describes several small masses of an-
desine anorthosite (An to An ), similar to the outer
35 40
anorthosite at St. Urbain. The rocks occur in a volcanic
terrain which may be pre-Cambrian in age, and it is
suggested that this is an outlier of the Grenville
province
North of the Grenville province in Labrador
there are two large anorthosite bodies. Wheeler (1942,
1955, 1960) has shown that the anorthosite of the Nain
area is similar to that found in the Adirondacks, and
is closely associated with pyroxene adamellites and
granites. Once again these acid rocks show both gra-
dational and sharp, crosscutting relationships with
the anorthosite. Olivine occurs in both the anorthosite
and the acid rocks. Wheeler suggests that the complex
may have formed by repeated intrusion of magmatic ma-
terial evolving through differentiation by partial
crystallization.
The other anorthosite body of Labrador is
the Michikamnau intrusion described by Emslie (1965).
This mass underlies an area of about 800 square miles
and has many features characteristic of the large,
layered basic plutons. It has a chilled margin of
olivine gabbro, which, if it represents the original
magma, must have been highly charged with labradorite
crystals. Inward from this chilled zone is a narrow
border group of olivine gabbro to pyroxene troctolite,
which further grades into a large mass of lencotroc-
tolite with plagioclase of An to An composition
57 62
and olivine of Fo to Fo composition. Anorthosite,
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apparently high stratigraphically in the intrusion,
comsists of plagioclase of An to An composition,
47 57
and minor pyroxene. A very small amount of ferrogran-
diorite occurs and may represent the last few percent
of the liquid. This mass is very strongly layered with
inward dips of about 30 degrees. It is one of the few
unmetamorphosed anorthosites and may be representative
of all anorthosites before metamorphism and granulation.
K-Ar biotite dates place the time of crystallization
of the intrusion at approximately 1,400 million years
ago. This may be somewhat older than other anorthosites
in eastern Canada.
Anorthosites of the Central Appalachians
Two anorthosites in the Appalachian mountains
are probably part of the Grenville age province. These
are the Honeybrook, Pennsylvania anorthosite (Smith,
1922), which is an Adirondacks type, and the Roseland,
Virginia alkali anorthosite (Ross, 1941 and Herz, 1966).
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The Roseland body, about 15 kilometers long by 4 km.
wide, consists of a main mass of a very coarse grained
andesine-antiperthite facies and a finer grained gran-
ulated andesine-ologoclase facies, both with abundant
microcline. The country rock is an older biotite gra-
nitic Precambrian gneiss and a younger massive Pre-
cambrian hypersthene granodiorite. The origin of the
anorthosite and its genetic relation to the country
rock are unknown.
Anorthosites of the Western United States and Mexico
The Laramie, Wyoming anorthosite (Klugman,
1966 and Fowler, 1930) exhibits all the typical fea-
tures of these bodies. The plagioclase of the anortho-
site is An in composition, gabbroic anorthosite forms
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a border facies, parts of the anorthosite are granu-
lated, and the body is sometimes cut by and is some-
times gradational with a surrounding hypersthene syenite
and granite. An olivine gabboic anorthosite intrudes
the anorthosite but is believed to be cogenetic with
it. The surrounding Sherman granite has a Rb-Sr bio-
tite age of 1420 million years (Giletti and Gast, 1961).
The anorthosite of the San Gabriel Mountains,
California (Higgs, 1954, Crowell and Walker, 1963)
___C___II__1____111__.DC~ ..yY -~LIIII_~-IXIII ~
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is somewhat more sodic than that in the Adirondacks,
but is otherwise similar. The plagioclase composition
ranges from An with an average of An . Some of
25-45 43
the more mafic border rocks contain labradorite. Higgs
believes that the associated syenites are not cogenetic
with the anorthosites while Crowell and Walker believe
they are. The predominant mafic mineral in the gabbro-
anorthosite complex is hypersthene. Silver et al (1960,
+
1966) have suggested an age of 1220 - 10 million years
for the anorthosite complex.
Three large and numerous small anorthosite
bodies with a total exposed area of about 50 square
miles occur in the schist of the Prichard formation
of the Precambrian Belt series in the Boehls Butte
quadrangle southern Idaho (Hietanen, 1963). The central
parts of the two large northern bodies consist of massive
coarse-grained hornblende-bearing anorthosite. Locally
the anorthosite contains thin, dark layers rich either
in biotite and aluminium-silicates or in hornblende,
or in places in all these minerals. These dark layers
are parallel to the bedding of the country rocks; they
are extremely common in the southernmost large body
and occur locally in the other bodies. Almost all of
the anorthosite contains two types of plagioclase,
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large round grains of andesine (An4 5-48 ) and small
grains of bytownite (An8 5 ), the latter occuring either
between the andesine grains or as platelike inclusions
in the andesine. None of the plagioclase is zoned. A
small portion of coarse-grained anorthosite consists
of labradorite with some tiny platelike inclusions of
bytownite.
The change from garnet-mica schist through
aluminous schist rich in oligoclase and andesine to
anorthosite is found to take place parallel to as well
as across the bedding. he inclusions, structure, tex-
ture, and mineralogy of the anorthosite indicate that
much, if not all, of the anorthosite was formed by
metamorphic and metasomatic processes rather than by
intrusion. Hietanen suggests that the anorthosite could
have been shaley limestone in which bytownite crystal-
lized during regional metamorphism and andesine formed
later as a result of reaction between the early bytown-
ite and introduced sodium. The labradorite may have
formed later by reaction between the bytownite and the
andesine, producing anorthosite similar to that in the
Adirondacks.
Berg (1964) describes a number of small anor-
thosite bodies that occur in a quartzofeldspathic silli-
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manite gneiss of the Belt supergroup in the Bitter-
root Range, Montana. Occuring with the anorthosite
and gradational to it are bodies of tonalite. The
plagioclase of the anorthosite varies in composition
from An37 to An65 , averaging An51 . Other minerals
are biotite (3 percent) and quartz (2 percent). Berg
suggests that the rocks resulted from the partial melt-
ing of a shale (the sillimanite gneiss) which produced
a tonalitic melt and an anorthositic residuum. Such an
explanation is supported by the experimental melting of
shale in the laboratory by Winkler and von Platen (1958,
1960).
The alkalic anorthosite of Pluma Hidalgo,
Oaxaco, Mexico has been described by Paulson (1964).
The body is very similar to the Roseland, Virginia mass,
containing antiperthite of oligoclase and anorthoclase
as large grains replaced by a granular aggregate of
plagioclase and potash feldspar. The minor mafics are
augite, hornblende and olivine, with apatite, rutile
and ilmenite. Fries et al (1962) report that the meta-
morphics of southern 0axaco are Grenville in age based
on Pb-alpha zircon and K-Ar biotite ages.
The Anorthosites of Southern Norway
Outside of North America the anorthosites of
~PI~~
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Norway have been those most studied. Barth (1933,
1960) and Michot (1966, 1939) have done extensive work
on the Rogaland anorthosite body of southwestern Norway.
They have deduced a rather complicated series of events
to account for the various phases of andesine-labrador-
ite anorthosite and the associated gabbros, mangerites
and granites. Michot suggests that an anorthositic
magma originated deep in an orogenic zone from a basaltic
magma that had been highly altered by assimilation of
pelitic sediments. The Egersund-0gna massif, which is
largely plagioclase An45 and locally hypersthene, was
developed from this magma, as was the Bjerkrem-Sogndal
assemblage which includes mangerites and granites. The
Haland massif of anorthosite and leuconorite is supposed
to result from anatexis and metamorphic differentiation,
with the leuconorite liquid being squeezed out leaving
the anorthosite residue behind. The Aamdal-Helleren-
Rodland, Aana-Sira and Hydra bodies are also supposed
to be of palingenetic origin.
Absolute age determinations of various minerals
and rocks in southern Norway have indicated a common
range of 800-1100 million years (Barth, 1960, page 9).
The anorthosites of the Bergen arc system
(Kolderup, 1940) consists largely of andesine but with
a considerable range from about An30 to An52 . Both ortho-
and clinopyroxene are present with clinopyroxene pre-
dominant. Kolderup considers that the anorthosites are
co-magmatic with the larger volume of norites, jotunites,
and mangerites, with the more acid rocks being slightly
younger and showing intrusive relations with the more
basic. The anorthosite kindred may be Precambrian or
Cambro-Ordivician.
The extensive anorthosites and mangerites of
the upper and lower Jotun nappes have been discussed
by Hodal (1945). The unaltered anorthosite in the core
is about An6 0, while toward the boundary where the rocks
become more mafic it decreases to An40- 50. The greater
part of the area is composed of the mangerite suite,
ranging from jotunites to charnockites. Hodal believes
the two suites are co-magmatic, as does Dietrickson
(1958). Dietrickson, from extensive field work and
chemical analyses, suggests that the anorthosite man-
gerite suite originated from a basaltic magma as a
stratified complex somewhat similar to the Bushveld
and Skaergaard complexes. The age of the rocks are
uncertain but are probably Precambrian or early Paleo-
zoic.
Anorthosites in Russia
In Volhynia, USSR (near Poland) there is an
anorthosite mass of about 400 square kilometers con-
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sisting of a very coarse grained interior of labrador-
ite and an outer medium grained gabbro. The rocks are
largely uncrushed and exhibit flow structures and strati-
fication. Polkanov (1939) suggests that the mass was
formed by crystal settling from a gabbroic magma. A Pre-
cambrian age is likely, with surrounding granites of an
unknown but younger age.
Moshkin et al (1962) describe Archean pyroxene
schists and gneisses in the Aldan shield that grade into
anorthosite through enrichment in plagioclase and impov-
erishment in pyroxene and biotite. Proterozoic gabbro-
amphibolites have been metasomatically replaced by anor-
thosite. Two facies of anorthosite are found: (1) dark
anorthosite and gabbroic anorthosite containing labra-
dorite and andesine, and (2) white anorthosite with
oligoclase, andesine and saussurite.
Anorthosites in India
Subramanium (1956) describes an anorthosite
mass at Kadavur, Madras as a funnel shaped pluton of
about 20 square miles. It consists largely of anortho-
site and gabbroic anorthosite with the more mafic rocks
at the boundaries grading to very coarse anorthosite in
the interior. The plagioclase ranges from An50 to An6 0
in composition. Subramanium suggests that the body
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formed from a gabbroic-anorthositic magma.
Chatterjee (1959) also suggests that the anor-
thosites of Bengal crystallezed from an anorthositic
gabbroic magma that was intruded into gneisses in a
sheetlike mass.
The Anorthosites of Africa
The Liganga anorthosite, Tanganyika(Wright,
1963) consists largely of labradorite-bytownite, with an
average composition of An6 6 , and very few accessory min-
erals The anorthosite is associated with a somewhat later
gabbro eruptive series. Wright compares the Liganga
anorthosite to that of the upper part of the Bushveld
complex. He suggests that in this case the process of
differentiation, presumably taking place in a magma
chamber deep in the crust, was interrupted by earth
movements which caused intrusion of the anorthosite.
Later movements caused intrusion of the gabbro complex.
Wright believes that this body is intermediate between
the anorthosites of the Bushveld type and the Adiron-
dacks type. The rocks are of Precambrian or early
Paleozoic age.
Bagnall (1963) briefly mentions two labrador-
ite anorthosite bodies in the North Pare Mountains,
Tanganyika. The smaller of these bodies is interlay-
ered with pyroxene granulites. Both bodies are highly
metamorphosed and contain garnet and diopside. They
occur in a Precambrian terrain.
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Boulanger (1956, 1959) concludes that a number
of small anorthosite bodies of 100 square kilimeters
or less in southern Madagascar are the product of met-
amorphic rather than magmatic processes. These bodies
consist of a core of coarse grained labradorite with
some bytownite and hypersthene. They generally have a
more mafic norite border zone which becomes gneissic
and grades progressively into adjacent schists. The
rocks are of probable Precambrian age.
A Precambrian layered complex of pyroxenites,
norites, and anorthosites (Pulfrey, 1946) in the Meru
District, Kenya has about ten square miles of exposure.
The pyroxenites occur at the base of the complex and may
not be genetically related to the overlying norite and
anorthosite. The anorthosite, which occurs above the
norite, is of labradorite with minor hypersthene.
The Precambrian anorthosite of Angola and
South-West Africa (Stone and Brown, 1958; Simpson and
Otto, 1960) is a long (350 kilometers) and narrow
(30-60 kilometers) body of massive anorthosite and
olivine anorthosite. In the southern more exposed part
of the body the massive white anorthosite, predominately
of calcic plagioclase (An60-80), underlies the coarsely
banded dark olivine anorthosite, with plagioclase (An6 1-80 ),
_ 1____11__
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olivine (Fa13-42) , and orthopyroxene. To the north the
main part of the body is poorly exposed, but it appears
that finer grained more mafic rocks occur at the borders,
with largely olivine anorthosite in the center. Stone and
Brown believe that this body constitutes a large, frac-
tionated, layered basic intrusion comparable in form and
dimensions with the Great Dyke of Southern Rhodesia.
Simpson and Otto suggest that the body, especially the
lower massive anorthosite is more similar to the Adiron-
dack type of anorthosite.
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CHAPTER III
REVIEW OF RECENT EXPERIMENTAL WORK ON ANORTHOSITES
Experiments and studies bearing on the possible
origin of anorthosite and anorthositic magma have been
carried out by a~number of people. Yoder and Tilley
(1962) found that at high water pressures the first
silicate liquid to form when basalt is melted is anor-
thositic. This liquid will appear at from 750 to 8000C
at 5000 bars water pressure. For a natural Marcy type
anorthosite from the Adirondacks a silicate melt phase
first appears at 815 0C at five kilobars water pressure
(Luth and Simmons, 1966). These data suggest that an
anorthositic melt is at least possible.
Yoder (1966) and Lindsley (1966) have studied
the breakdown of plagioclase with increasing pressure.
Lindsley found that no minimum exists in the melting
curves of plagioclase at any pressure, disproving the
hypothesis that a magma rich in intermediate plagio-
clase might form as a result of such a minimum. Yoder
has shown that plagioclase accompanied by orthopyroxene
or olivine is not stable at sub-crustal depths and that
anorthosite must therefore be generated in the crust.
Taylor (1966) has studied the oxygen isotopes
--- *IIP--- -l ----- l ~---~~ '- ~^1IIYI--C~- llf- ------ _.l ^-L ~l~l~l
of anorthosites from many different localities. He has
found that the 018/016 ratios in the plagioclases from
most of these bodies are identical to the ratios found
in plagioclase from basalts, gabbros and other igneous
rocks. 018/016 ratios in sedimentary series are variable
but generally higher than in igneous rocks. Anorthosite
bodies in the Adirondacks have considerably higher
018/016 ratios than the other "normal" anorthosites.
This 018 enrichment is attributed to the metamorphism of
these bodies, inasmuch as similar isotopic relationships
are observed in other regional metamorphic terrains,
though on a much smaller scale. It may be that the
Grenville metasediments were the source of the excess
018 in the anorthosite and that a fluid phase circulated
through all the rocks of the Adirondacks equilibrating
the 018/016 ratio. Similar high ratios are found for
a few anorthosite samples from Roseland and Boehls
Butte, but the main part of these bodies exhibit normal
igneous ratios.
Philpotts, J. A. (1966) analyzed one anorthosite
and one mangerite sample for rare earth abundances.
Excluding an anomalously high europium abundance, the
anorthosite has a straight-line, fractionated, chondrite-
normalized rare-earth pattern. Comparison of rare-earth
abundances in whole-rocks and constituent plagioclases
indicate that the anorthosite represents a crystal
cumulate from a melt that had a non-inflexional, frac-
tionated type of rare-earth pattern. Materials with
such patterns are quite rare, but there are examples
of continental and oceanic basalts with the appropriate
rare earth abundances. The mangerite has a pattern of
the inflexional type typical of most sedimentary rocks.
The dissimilarity in the patterns and the lack of a
corresponding europium anomaly in the mangerite indicate
that a direct genetic relationship between such rock-
types is unlikely.
Reynolds, Whitney, and Isachsen (1966) have found
that the average K/Rb ratio for the main Adirondack
anorthosite body is 1470 t 107. This value is much
higher than the average crustal value of 250; it is
quite similar to values reported for oceanic tholeites
and basaltic achondrites. The data suggest that anor-
thosites are derived from sub-crustal material, as are
the tholeites. A suite of charnockitic rocks from the
Snowy Mountain anorthosite dome have K/Rb ratios ranging
continuously from 930 for the anorthosite to 390 for the
most acid rocks. This could be due to differentiation,
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or to assimilation of surrounding country rock by an
anorthositic magma. Two samples of metasedimentary
gneiss from the area give K/Rb ratios of about 250.
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CHAPTER IV
RB-SR ISOTOPIC STUDY OF ANORTHOSITE
Introduction
The Rb-Sr isochron method of dating has been
discussed by Compston and Jeffrey (1959), and reviewed
recently by Lanphere, et al (1964). A brief review is
given here.
Rb has two natural isotopes, Rb8 5, which is
neither radioactive nor a radiogenic product, and Rb87 ,
which decays by f emmision to Sr8 7. Sr has four natural
isotopes, Sr84, Sr86, Sr8 7 , and Sr88 , of which none are
radioactive, and only Sr8 7 is a daughter product. For
convenience the two isotopes of interest, Sr8 7 and Rb8 7,
are measured relative to Sr8 6 . The following equation
describes the decay of Rb87 to Sr87 with time:
(1) (Sr 87/Sr86)p = (Sr87/Sr86 )o + (Rb87/Sr86 )p(et-1)
where
(Sr87/Sr86)p = atomic ratio of Sr87 to Sr86 at
the present time (measured).
(Sr 8 7/Sr 8 6) = atamic ratio of Sr87 to Sr 8 6 at the
time the system became closed to Rb and Sr.
(Rb 8 7/Sr 8 6) = atomic ratio of Rb87 to Sr86 at
the present time (measured).
t = the Rb-Sr age of the system, in years.
= the decay constant for Rb8 7 = 1.39 x 10- 11yr-1
There are two unknowns in equation (1), t and
(Sr 8 7/Sr 8 6)o, and the equation therefore cannot be
solved by measurements on one sample. If, however,
at the time of formation, the (Sr87/Sr8 6 )o ratio is
the same throughout a given body of rock one may mea-
sure the (Rb87/Sr8 6 )p and (Sr8 7/Sr8 6)p ratios for two
samples with different Rb/Sr ratios and solve the two
resulting equations for the unknowns. To minimize
errors a number of samples are analyzed and plotted on
a Sr87/Sr86 versus Rb87/Sr86 diagram (see Figure 4, p. 42).
If the samples had the same Sr87/Sr 86 ratio at the time
they became closed systems and have remained closed systems
since that time they will plot on a straight line (the
isochron) with slope equal to eat-p. The (Sr87/Sr 8 6 ) o
ratio is determined from the intersection of the iso-
chron with the Sr8 7/Sr86 axis. Because of the long
half-life of Rb8 7 and their low Rb/Sr ratios the present
Sr87/Sr 86ratios of recent basalts are essentially ident-
ical with their (Sr87/Sr8 6 )o ratios.
(Sr87/Sr 86)o RATIOS IN THE EARTH
An isochron determined for stony meteorites
(Gast,1962, Pinson et al, 1965, and Shields, 1965) yields
an initial (Sr 7/Sru)o ratio of .698 + .001 and an age
of 4.5 b.y. It has been suggested that this initial
ratio is identical to that of the primordial earth
(Gast, 1962 and Hedge and Walthall, 1963). Since the
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earth formed various geological processes have brought
about variations in the RB/Sr ratios of mantle and
crustal material in the earth and consequently varia-
tions in the Sr 8 7/Sr 8 6 ratios.
Because of the large ionic radii of Rb+(1.47A)
and Sr++(l.18A), they are strongly concentrated in the
fluid fraction during partial melting or differentia-
tion of the mantle, and any magma formed from the mantle
will therefore reflect the mantle Rb/Sr ratio. As
the magma crystallizes the Sr will continue to increase
until it can follow calcium into Ca-bearing phases. Rb
will increase further until it can follow potassium
into K-bearing phases. It is found, therefore, that
the Rb/Sr ratio is greatly increased in the alkali rich
rocks that prevail in the upper crust. In weathering
processes Rb again follows K and Sr follows Ca, so that
limestones have a very low Rb/Sr ratio and shales a high
ratio.
Recent oceanic basalts have (Sr87/Sr86 )o ratios
ranging from about .702 to .704 (Faure and Hurley, 1963;
Hedge and Walthall, 1963; Tatsumoto et al, 1965; Bence,
1966) as compared to .703 to .705 for most continental
basalts (Faure and Hurley, Hedge and Walthall). Some of
the latter have higher ratios and these are generally
ascribed to contamination by crustal material with much
higher Sr 8 7/Sr 8 6 ratios. Older continental basalts have
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a similar range of values, though Hedge and Walthall
have interpreted a few somewhat lower ratios to indicate
a straight line growth of Sr87/Sr 8 6 in the upper mantle
basalt source region from .698 to the present ratio of
about .703. This suggests that the source region must
have a Rb/Sr ratio of about .03. Tatsumoto et al (1965)
and Bence (1966) have found that extensive oceanic
tholeiites have a Rb/Sr ratio of .01, suggesting to them
that the source region initially had a higher Rb/Sr ratio
but that it underwent differentiation 1,000 million
years or more before the present, developing at that time
a Rb/Sr ratio of about .01. If this is the case it would
be expected that basic rocks of mantle origin would show
only a very small decrease of (Sr87/Sr86 )o with increas-
ing age. In general this appears to be the case for
continental basalts.
In contrast to the very limited range of
(Sr87/Sr86 )0 ratios in basalts, granites have a much
greater range, from ratios as low as in basalts up to
occasional values of .730. Since sedimentary rocks
(except limestones) have high Rb/Sr ratios they develop,
high Sr87/Sr86 ratios with time. Faure and Hurley
(1963) report values of about .720 for both east and
west coast paleozoic composite shales, with a Rb/Sr
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ratio of 0.4. Whitney (1964) and Compston and Pidgeon
(1962) also report values between .710 and .720 for
shales. Dasch et al (1966) have found that the detri-
tal component of recent oceanic sediments range from
the value for sea water up to .730. Faure et al (1963)
have estimated the Sr87/Sr 86 ratio for the Canadian
shield as about .720 from measurements on fresh water
calcareous shales.
Because most granites have (Sr87/Sr86)o ratios
of less than .710 (Hedge and Walthall, 1963; Hurley et
al, 1965; Fairbairn, et al, 1964 a, 1964 b) it has been
inferred by Hurley and Fairbairn that granites are not
formed by reworking old continental material or by
selective fusion of geosynclinal sediments. Hedge and
Walthall (1963), however, have noted that almost all
granites have (Sr 8 7/Sr 8 6) o ratios equal to or greater
than the Sr8 7/Sr8 6 ratio of sea water. They suggest
that this is what would be expected if granitic rocks
are reworked continental material that has undergone
a high degree of homogenization during weathering and
metamorphism. Granites with a (Sr 8 7/Sr 8 6 )o ratio lower
than sea water would presumably have a substantial sub-
crustal component.
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(Sr 8 7/Sr 8 6 ) Ratios to be Expected in Anorthosites
Before presenting the data on anorthosites
we will consider what Sr87/Sr 8 6 ratios are to be ex-
pected for various suggested origins of anorthosite.
Since the Rb/Sr ratio in most anorthosite samples is
less than 0.01 the measured value of the Sr8 7/Sr86
ratio is identical to the (Sr87/Sr8 6 )o ratio within
experimental error.
The simpest case is that in which anorthosites
are crystallized from a magma that is formed by partial
melting of basic or ultra-basic rocks in the lower
crust or upper mantle. This includes origins suggested
by Bowen (crystallization from a basaltic magma), by
Buddington (anorthositic magma, possibly derived from
an anorthosite layer in the lower crust), and by Yoder
(anorthosite magma, formed by partial melting of amphi-
bole basalt). It would also include origin from other
magmas, such as a dioritic magma (Philpotts, 1966), that
are derived from the mantle or lower crust. It is to
be expected that rocks derived from these magmas would
have (Sr 8 7/Sr86)o ratios almost identical to the ratios
found in continental basalts (predominantly from .703
to .705).
In contrast to the above origins are those in-
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volving metamorphism, metasomatism, and anatexis of
sediments. Winkler and von Platen (1958, 1960) and Berg
(1964) have suggested that anorthosite is the residual
material that results from the partial melting of a
shale, the melt forming a tonalite or other acid rock.
A similar origin has been proposed by Michot (1966, 1957,
1955) for a number of the massifs in the Rogaland, Norway
area. Anorthosite formed by this method will have a
Sr87/Sr 86 ratio equal to that of the shale at the time
of anatexis. This ratio will be higher than the average
ratio in the shale at the time of its deposition because
of the growth of Sr8 7 from decay of the Rb87 in the shale.
Because the strontium in the detrital component of shales
does not equilibrate with sea water, the Sr87/Sr 8 6 ratio
in newly deposited shales is found to range upwards from
the ratio found in sea water (Dasch et al, 1966).
Since almost all anorthosite bodies are approxi-
mately one billion years old we may take the Sr87/Sr8 0
ratio of .705 of one billion year old sea water (as deter-
mined from limestones; Hedge and Walthall, 1963; Hayatsu
et al, 1965; Krogh and Hurley, 1966) as the lower limit
likely to be found in rocks formed from shales of that
age, with most values substantially higher. Older shales
might start with lower ratios, but these ratios would
increase due to Rb decay up to the time of anorthosite
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formation about one billion years ago. In summary, it
is to be expected that anorthosites formed from anatexis
of sediments would have quite variable Sr8 7/Sr 86 ratios
ranging upward from a minimum of .705.
Hietanen (1963) has suggested that the Boehls
Butte, Idaho anorthosite formed by metamorphism of an
argillaceous limestone (producing bytownite), followed
by Na metasomatism (changing bytownite to Andesine).
The Belt group of argillites and limestones in which the
anorthosite occurs is about one billion years old, there-
fore the argillaceous limestone from which the anortho-
site presumably forms would be expected to have an initial
Sr87/Sr8 6 ratio slightly above .705. Just what would
happen to this ratio during the later Na metasomatism is
unknown. If the source of the metasomatizing solutions
was igneous, and the solutions carried some strontium
with a low 87/86 ratio, the ratio might be lowered some-
what.
Analytical Techniques
The analytical and computational techniques used
in this study are those currently in use in the M.I.T.
Geochronology Laboratory as described in the literature;
most recently by Bence (1966). After being crushed and
powdered all samples were rapidly analyzed for rubidium
and strontium by X-ray fluorescence. These analyses, pre-
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sented in the data tables, are accurate to about ± 20
percent. The letters N.D. for rubidium indicate that
none was detected and that the rubidium concentration
is less than five ppm. Since the anorthosites all gave
very high strontium and low rubidium concentrations the
measured Sr87/Sr86 ratios are almost identical to the
(Sr87/Sr8 6)o ratios. For this reason only isotope
ratio measurements were made for the anorthosite samples.
The related acid rocks were analyzed using both isotope
dilution, isotope ratio and X-ray fluorescence analyses
as indicated in the data tables. All isotope measure-
ments were made on the mass spectrometer known at M..I.T.
as Iris. This is a 600 sector, six inch radius, single
filament, solid source instrument.
All Sr87/Sr8 6 ratios reported in this paper are
normalized to a value of .1194 for the Sr8 6/Sr8 8 ratio
and are relative to a value of .7080 for the Eimer and
Amend strontium carbonate standard as shown in Table 1.
The analysis of this standard also served to check against
possible changes in machine characteristics during the
study and to establish the precision of an individual
analysis. No significant machine drift was found, and
the 20error for an individual measurement was esta blished
as ± .0005. Because of the high strontium content of
the anorthosite samples the error from the chemical
processing is thought to be very small and the above
precision is taken as the error for all strontium isotope
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Table 1
Replicate analyses of the strontium carbonate standard
(Eimer & Amend Lot 492327) determined on instrument Iris.
Record number Date Sr
8 7 /Sr 8 6
4405 j2/8/66 .7077
4523 3/29/66 .7079
4591 4/18/66 .7083
4649 5/10/66 .7082
4702 5/26/66 .7080
4731 6/11/66 .7080
4782 7/2/66 .7080
4836 7/22/66 .7082
Average .7080 +.0002
Error for single measurement 20 = +.0005
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measurements made during the study.
Sr 8 7/Sr 8 6 Data
Strontium isotope analyses were determined for
samples from fifteen anorthosite bodies in North America
and Norway, with a special study of the Adirondack
massif. The data for the Adirondack samples are given
in Table 2 and the sample locations are shown in Figure
2. The Sr87/Sr8 6 ratios range from .7043 to .7056 with
an average of .704q. The 2'error calculated for an
individual measurement based on these data is .0010.
This larger value as compared to that calculated from
the standard carbonate data may indicate some non-ana-
lytical variation in the Sr87/Sr 86 ratio in the Adiron-
dack samples. There is, however, no significant difference
in the average values for the different areas.
The 20'error for an individual measurement
calculated from the data on the Laramie, Wyoming body
given in Table 3 is t.0005, identical to that calculated
from the carbonate standard data. There is no detect-
able variation between the five anorthosite, two noritic
anorthosite, and one olivine anorthosite samples. The
average Sr87/Sr86 ratio for the body is .7052.
The data for the Boehls Butte, Idaho body are
given in Table 4. The Sr8 7/Sr8 6 ratios of the samples
from the cores of all three of the large bodies are
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Table 2
Analytical Data for Adirondack Anorthosite
Sr
ppm
Rb Sr8 7/Sr
8 6
R5983 810 N.D. 7045 Mt. Colden .7046
5985 800 " .7047
5986 730 .7047
5988 700 .7056 Mt. Whiteface .7053+-.001
5989 330 .7056
5991 660 .7046
5992 320 .7043
5993 610 .7053 Rte. 3 .7048-1-.0004
5994 730 .7044
5995 480 .7051
5996 490 .7049
730
650
Avera
Average
.7046
.7049
.7049
Keene Valley
.0003
Sr and Rb determined by X-ray fluorescence to +20%
".N.D. - Not detected, less than 5 ppm.
Sample
6015
6018
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FIGURE 2
Adirondack Sample Locations
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Table 3
Analytical Data for Laramie, Wyoming Anorthosite
Sr87/Sr 8 6
.7052
.7055
.7050
.7052
.7054
.7048
.7054
.7052
Average .7052 +1 .0002
Sample
R6035
6036
6038
6039
6040
6041
6042
6043
Sr
ppm
750
840
800
850
730
940
880
840
Rb
ppm
N.D.
7
N.D.
If
it
If
"
"
"
II I ---
- --
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Table 4
Analytical Data for Boebls Butte, Idaho Anorthosite
Sample Sr
ppm
__ I I I
R6066
6067
450
500
Rb
ppm
ND.
"
__ 
- I I
607) Srfl
87/Sr 86Sr /Sr 87 86(Sr 87/Sr86 )o
projected back
500 m.y.
. 7049
.7039
7049
r /7
6074
6076
6077
800
590
660
11
8.6
ND.
.7040
.7049
.7049
.7048
Northern
Body
Southern
Body
.7046 + .0005
.7064
.7058
6070
6080
Average
12
8.8
570
1000
.7062
.7057
Border
Rocks
Middle Body
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equal and average .7046. Two anorthosite samples from
the borders of the bodies have significantly higher ratios.
Table 5 presents the data on the remaining
bodies. The Sr8 7/Sr8 6 ratios lie between .703 and .706.
There is no significant variation within any given body
except for Michikamau, Labrador, which will be discussed
later.
Rb-Sr Data
Eight anorthosite samples were analysed by
isotope dilution for rubidium and two samples for stron-
tium, largely to determine the accuracy and lower limit
of detection of the Xrray fluorescence analyses. The
results are tabulated in Table 6. The agreement be-
tween the two analytical methods for rubidium is quite
good even at these low concentration levels. The detection
limit by X-ray fluorescence is apparantly around five
parts per million for rubidium. The six rubidium values
for the samples in which no rubidium was detected by
X-ray fluorescence (the usual case) average 2.58 ppm.
A blank for rubidium run in a manner similar to the
samples gave a laboratory contamination level of .010 ppm.
Bence (1966) obtained an average of .048 ppm for five
blanks during the time this study was being conducted.
These levels do not significantly change the average
of 2.58 ppm rubidium found for the anorthosites.
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Table 5
Analytical Data for the Anorthosite Of:
Honeybrook, Pennsylvania
Sr87/Sr 86
measured
.7041
.7040
(Sr87/Sr86 )o
projected back
1,000 mn.y.
.7041
.7038
Average .7040
Nain, Labrador
R6059
6060
6063
690
500
320
N.D.
Average
Michikamau, Labrador
R6081
6082
6083
860
570
280
9
7
N.D.
.7053
.7052
.7059
.7055
.7026
.7039
.7050
projected back
1,400 m.y.
.7024
.7036
.7048
Average. 7036
Morin, Quebec
R6084
6085
750
620
N. D.
ND ,
.7054
Average .7052
Sr
ppm
Sample
R6045
6046
Rb
ppm
t t *
1170
1030
N.D.
13
Table 5 - Cont.
Sample Sr Rb Sr87/Sr86 (Sr87/Sr86 )o
Sept.-Isles, Quebec I
R6086
6087
590 N.D.
360 "
Average
Penticote, Quebec
R6092 1 810 I N.D.
Lake St. John, Quebec
R6095
3072
650 N.D.
850 "
Average
San Gabriel, California
R6048 1 1550 I N.D.
.7039
.7043
.7041
.7031
.7029
.7036
.7033
.7032
Roseland, Virginia
R6053
6055
6056
6058
1250
730
1240
1330
17
11.4
23
10.6
projected back
1,000 m.y.
.7047
.7056
.7049
.7058
.7056
.7054
Average
.7053
.7053
.7052
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Table 5 - Cont.
Sample Sr
ppm
Rb
ppm
Sr87/Sr86 (S r 87 / S r 86)o
Pluma Hidalgo, Mexico
R6049
6050
6051
2160
1430
920
22
11.4
N.D.
projected back
1,000 m.y.
.7038
.7041
.7045
.7041
Average
Ekersund-Sognidal, Norway
6128 470 N.D.
6129 990 "
Average
.7061
.7056
.7059
.7042
.7041
.7040
Naero Fjord, Norway
580
490
460
N.D. .7032
.7031
.7031
Average .7031
6132
6133
6134
Rb and Sr
Table 6
Isotope Dilution Analyses
X R F
Sr
ppm
810
840
800
1000
620
650
990
460
Rb
ppm
N.D.
7
N.D.
8.8
N.D.
N.D.
N.D.
N.D.
ID
Sr
ppm
921
480
Rb
ppm
4.56
8.19
4.78
6.96
2.34
1.11
2.52
0.175
IR
Sr87/Sr 8 6
.7045
.7055
.7050
.7058
.7050
.7029
.7056
.7031
ID
Sr87/Sr 8
-
.7053
.7039
53
Sample
5983
6036
6038
6080
6085
6095
6129
6134
-- I
Discussion of the Anorthosite Data
Table 7 and Figure 3 present a summary of the
Sr87/Sr86 ratios for the fifteen anorthosite bodies
studied. The variation from .703 to .706 is identical
to the range found in continental basalts, and, as sug-
gested in a previous section, strongly supports an anor-
thosite origin from a magma derived from the lower crust
or upper mantle. The absence of high ratios, the very
narrow range, and the fact that most are lower than the
one billion year old sea water and limestone ratio (.705)
argues against an anatectic, metamorphic, or metasomatic
origin.
The two border rock anorthosite samples from
Boehls Butte with somewhat high ratios do not appear
to be different from the main mass of anorthosite. They
may, however, have assimilated some of the nearby country
rock, or perhaps the strontium at least partially equil-
ibrated with it isotopically. Sample number R6061 from
Nain is another border rock with an abnormal ratio.
Wheeler (personal communication) describes the rock as
possibly gradational between olivine adamellite and
anorthosite. The high strontium and very low rubidium
concentrations are typical of the anorthosites. The
sample is made up largely of dark gray green feldspar
55
Table 7
Summary of (Sr87/Sr86)o Ratios in anorthosites
Area No. of (Sr 8 7 / Sr 8 6 )o Range
Samples
Adirondacks
Laramie, Wy.
Boebls Butte, Ida.
Honeybrook, Penna.
Nain, Labrador
Michikaman, Labrador
Morin, Quebec
Sept.-Isles, Quebec
Penticote, Quebec
Lake St. John, Quebec
San Gabriel, Cal.
Ekersund-Soj ndal,
Southern Norway
Naero Fjord,
Central Norway
Pluma Hidalgo, Mex.
Roseland, Va.
13 .7049
(+.0003)
.7052
(+.0002)
.7045
(+.0005)
.7040
.7055
.7036
.7052
.7041
.7031
.7033
.7032
.7059
.7031
.7040
4 .7052
.7043-.7056
.7048-.7054
.7039-.7049
.7038-.7041
.7052-.7059
.7024-.7048
.7050-.7054
.7039-.7043
.7029-.7036
.7056-.7061
.7031-.7032
.7033-.7042
.7047-.7056
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FIGURE 3
Frequency Distribution of Average
Sr87/Sr 8 6 Ratios of Anorthosite Bodies
FREQUENCY DISTRIBUTION OF AVERAGE Sr /Sr RATIOS
OF ANORTHOSITE BODIES
.704 .705 .706
Sr 8 7/ Sr 86
.703
with about 5 percent mafics, and is probably contamin-
ated anorthosite.
There is, apparantly, significant variation in
the Michikamau intrusion. After a small age correction
an anorthosite sample from this body has a Sr87/Sr86
ratio of .7024, leuco-troctolite .7036, and olivine
gabbro border facies .7048. The increase in the ratios
with increasing mafic content suggests that an original
anorthositic magma has been altered by assimilation; the
field and other laboratory work, however, do not support
this conclusion (Emslie, 1965).
In his study on K/Rb ratios in anorthosites,
Reynolds (personal communication) states that he obtained
an average Rb concentration of about 5 ppm by X-ray
fluarescence. The lower value obtained here may indicate
that his already very high K/Rb ratios (1470) may be
somewhat low. Typical potassium concentrations quoted
in the literature for anorthosites vary from about 0.3 to
1.0 percent, with an average of probably no less than 0.5
percent or 5000 ppm. Using this value for K we get an
average K/Rb ratio of about 2000. Reynolds (1966) be-
lieves these high ratios indicate a mantle origin for
anorthosites.
59
CHAPTER V,
THE PROBLEM OF THE ASSOCIATED ROCKS
One of the major unanswered problems concern-
ing the origin of anorthosites is whether or not the
spatially related syenites, mangerites, adamellites
are comagmatic with the anorthosites. One method of
studying this problem is to determine the initial
Sr87/Sr8 6 ratios of the various acid bodies from iso-
chron plots and compare these ratios to those of the
anorthosites. If the two bodies are comagmatic they
should have identical initial ratios.
A whole rock Rb-Sr isochron for the Adirondack
syenites has been determined. Five samples from a
large pyroxen-hornblende-quartz-syenite body north of
the main anorthosite mass, one from the Tupper-Saranac
syenite body west of the main mass, and one from another
large syenite body southwest of the main mass have been
analyzed. The sample locations are indicated in Figure
2, the data tabulated in Table 8, and the Rb-Sr isochron
plot shown in Figure 4. The best straight line through
the points in this diagram was calculated by a least
squares method incorporating weighting factors which
allow for the stated uncertainties in both the Sr
8 
'/Srb8 6
and the Rb8 7/Sr86 measurements (York, 1966). The age
Analytical Data Adirondack Syenite
Sample X R F IR Rb8 7/Sr8 6  Isotope Dilution
Rb/Sr Mean Sr87 / r86 Rb Sr Rb 8 7 / S r 86 Sr87 / S 86
Rb/Sr Mean Sr ISr Rb Sr Rb /Sr Sr ISr
0.333
(+.011)
.7114
.7154 0.663
(+.027)
6013
6012
6014
6002
0.115
.113
.122
.112
.114
.112
.241
.236
.218
.226
.228
.225
0.350
.351
.351
.350
.342
.346
0.375
.369
.382
.372
.370
.366
91.2 773.7
72.1 302.2
.346
.699 .7151
1.009
(+. 011)
1.078
(+.018)
0.115
(+3.5%)
0.229
(+4.0%)
0.348
(+1.1%)
0.372
(+1.7%)
.7204
.7215
Table 8
.7112
Table 8 - cont.
X
Rb/Sr
R F
Mean
-_- I
0.387
.383
0391
.396
0407
.382
0.583
.580
0602
.577
.584
.589
0.588
o591
.588
.594
.574
.584
0.391
(+2.6%)
0.586
(+1.7%)
0.587
(+1.4%)
IR
Sr 87/Sr 8 6
17237
.7313
.7324
Rb 87/Sr 8 6 Isotope
IRb
1.134
(+.029)
1.700
(+/029)
1.703
(+. 024)
Sr
125.3 207.0
Dilution
8 86 87 86Rb /Sr Sr /Sr
1.766 .7318
Sample
6008
6011
6010
FIGURE 4
Adirondack Syenite Isochron
0730
ADIRONDACK SYENITE
.725
o .720
co
co
10 55 31 M. Y.
.70-(Sr / Sr 86)o .7060 ±-0004
.710
.705
- S1 I .1
0 0.5 1.0 1.5 2.0
R b8 7/ Sr 8 6
obtained is 1055 * 31 million years with an initial
Sr8 7/Sr86 ratio of .7060 ± .0004 using A= 1.39x10-11 .
This is in good agreement with an age of 1092 ± 20
million years and an initial ratio of .7058 ± .0010
determined by Hills and Gast (1964) on a syenite
body at the southern end of Lake George. These initial
ratios are within experimental error of the Sr87/Sr8 6
ratio of .7049 for the Adirondack anorthosite, indi-
cating that the rocks may be comagmatic. It should
be noted, however, that such initial ratios are common
for acid rocks, and that little can be deduced from
the agreement of the initial ratios until many more
such anorthosite-acid rock pairs have been determined.
An attempt was made to obtain an isochron from
three adamellite samples from Nain, Labrador. Two of
these samples are from an olivine adamellite mass west
of the anorthosite and the other from a hornblende ada-
mellite mass north of the anorthosite. The analytical
data for these samples are tabulated in Table 9 and
plotted on Figure 5. The three samples do not form
an isochron. A line drawn through the two olivine ada-
mellites gives a high initial ratio of about .725 and
an age of 800 million years, improbably low for this
province. A line drawn through the hornblende ada-
mellite and the anorthosite gives an age of 1,300
million years, not unreasonable for this area. The
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Table 9
Analytical data for the associated rocks of
NAIN, LABRADOR
Isotope
Rb
Dilution
Sr Rb 87/Sr 8
6
490(XRF)
346.5
252.2
146.7
.394
1.104
1.770
Sept.-Isles
X-ray Fluorescence
327
272
0013
0.36
87 86Sr 87/Sr 8 6
.7075
.7306
.7393
.7395
.7039
.7068
Penticote
228
354
6094 40.4
Sample
6061
6062
6064
6065
46.5
94.8
88.4
6088
6090
14, 4
32.7
6091
6093
22
21.2
0.3
0.18
.7101
.7070
.7061
__j
685 0.18
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FIGURE 5
Nain, Labrador Anorthosite and
Adamellite Isochron Plot
I I I I j I I I I I
NAIN. LABRADOR
ANORTHOSITE
AND ADAMELLITE
.710 -
I I
1.0
Rb 8 7 / Sr 8 6
I I I I-
2.0
.740
(0
co
I)
0,
730
.720 -
.700 I
 I III
0
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data indicate that not all these rocks are comagmatic,
or that they have been greatly contaminated by country
rock. More work is clearly necessary.
Data on three acid rocks from Penticote and two
from Sept-Isles, Quebec are tabulated in Table 9 and
plotted on Figure 6. The three Penticote samples fall
within experimental error of a 1,700 million year iso-
chron drawn through the Penticote anorthosite. On the
basis of this very meager data, however, this old age
cannot at present be taken seriously. The two Sept-
Isles samples fall far below the one billion year
isochron drawn through the Sept-Isles anorthosite,
probably inicating that the samples are not comagmatic,
though the limited amount of data prohibits firm con-
clusions from being drawn.
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FIGURE 6
Penticote and Sept-Isles, Quebec
Anorthosite and Associated Rocks
Isochron Plot
_Clli IYI ____L_~JIIIX_(__LII I~~.--_I. II
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PENTICOTE (18)
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ANORTHOSITE AND
ASSOCIATED ROCKS
.700 I !
O. I 0.2 0.3 0.4
Rb 8 7 /Sr 8 6
CHAPTER VI
THE ORIGIN OF ANORTHOSITE
The strontium isotope data for anorthosite
presented in this report strongly support an origin
from a magma derived from the upper mantle or lower
crust. To this author most of the field and other
laboratory evidence (chapter III) likewise strongly
favors a magmatic origin for anorthosite. Most bodies
have an igneous texture, exhibit cross cutting intrusive
relationships with older country rock, and some contain
xenoliths of the country rock. The cataclastic fabric
commonly found at the borders of the various bodies
may be caused by continued movement of a partially or
even largely crystallized magmatic mush. The absence
of anorthositic lavas may perhaps be explained by the
high temperatures needed to maintain the magma in a
fluid state, and by their generation only at considerable
depth. This lack of fluidity may also explain in part
why anorthosites are generally found only in deeply eroded
Precambrian terrains. If so then we might expect that
more recent, unexposed anorthosites may exist at depth.
The presence of anorthositic dikes at what is inferred
to have been somewhat shallower depths in the crust
than nearby massifs strongly suggests that the anorthosite
was fluid.
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The geochemical data also suggest a magmatic
origin for anorthosites. The strontium isotope data
of this report, the K/Rb ratios, the 018/016 ratios,
and the rare earth data all support an ultimate upper
mantle or deep crust source for anorthosites.
It is necessary that we learn more about the
related charnockitic suite of rocks, how and from what
they are formed, their distribution, and their depth
of formation, in order to determine why anorthosites
are restricted to charnockitic terranes. Particularly,
we must determine whether the charnockites that are
spatially related to anorthosites are genetically re-
lated as well. The field evidence is ambiguous and the
geochemical evidence is scanty. The strontium isotope
data presented here are suggestive in this regard but
inadequate, as is the rare earth data of Philpotts, J.
(1966). With further work both approaches might resolve
the problem. Until we know what rock types are involved
it is impossible to determine the magma composition and
its possible modes of formation.
A corollary problem is that of the formation of
the titaniferous iron ores that are often associated
with the anorthosites. A study of the Sr87/Sr86 ratios
in the apatite found with these ores might reveal whether
they are cogenetic with the anorthosite.
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APPENDIX
LOCATIONS AND DESCRIPTIONS OF SAMPLES
The M.I.T. Geochronology Laboratory sample
number is followed by the number given by the collec-
tor of the sample.
Adirondack Samples (collected by: S.A. Heath)
Anorthosites
R 5983
R 5985
R 5986
R 5988
West slope of Mt. Colden - 3275 ft.
altitude.
Marcy facies anorthosite, medium grain,
minor pyroxene, amphibole and garnet,
little alteration.
West slope of Mt. Colden - 3696 ft.
altitude.
Similar to 5983 but with feldspar pheno-
crysts to 2 cm.
Roadcut on Rte. 86 one mile north of
chairlift up Mt. Whiteface.
Whiteface facies norite, largely crushed
white plagioclase, 30% mafics, mostly
pyroxene, some hornblende, little alter-
ation.
Same location as 5986.
Whiteface facies anorthosite, 70% crushed
90
white plagioclase, 20% dark gray pla-
gioclase as broken phenocrysts, 10%
pyroxene and amphibole, considerable
alteration of plagioclase and mafics.
R 5989 Roadcut on Mt. Whiteface.
Whiteface facies norite, 50% white pla-
gioclase considerably sericitized, 50%
mafics, largely pyroxene with minor am-
phibole and biotite.
R 5991 Roadcut on route 3, 1.9 miles south of
Junction of routes 3 and 86 in Saranac
Lake.
Marcy anorthosite, very coarse dark gray
plagioclase with 20% white crushed pla-
gioclase, 5-10% pyroxene, minor amphi-
bole and garnet.
R 5992 Roadcut on route 3, 0.6 miles south of
R 5991.
Fine grain Marcy anorthosite, 40% crushed,
10% mafics, pyroxene largely altered to
hornblende and chlorite.
R 5993 Roadcut on route 3, 0.3 miles south of
R 5992.
Fine grain Marcy anorthosite, 50% crushed,
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R 5994
R 5995 and
5996
R 6015
R 6018
Syenites
R 6002
15% mafics, pyroxene partly altered to
hornblende and chlorite.
Sample taken 8 feet from R 5993.
Marcy anorthosite, very coarse largely
uncrushed, plagioclase crystals to sev-
eral inches long, 5% pyroxene partly
altered to biotite and amphibole.
Sample taken 1 foot from R 5994 and
split into two halves.
Marcy anorthosite, similar to 5994.
Roadcut on route 3, sample from 100 feet
south of R 6014 (see below).
Marcy anorthosite, medium grain, 20%
crushed plagioclase matrix, 10% mafics.
This may be a xenolith in pyroxene syenite.
Roadcut on route 73, 5.2 miles north of
junction of routes 9 and 73 in Keene Valley.
Marcy anortLhosite, medium grain, 5
mafics, minor pyrite.
Roadcut on route 30, 6.65 miles south
of junction of routes 3 and 30 in Tupper
Lake.
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R 6008
Pyroxene syenite gneiss, 80% medium grain
green feldspar, 20% mafics (pyroxene),
gneissic.
Roadcut on route 30, 0.1 mile north of
Long Lake bridge.
Pyroxene hornblende granitic syenite,
medium to fine grain, 50% greenish feld-
spar, 50% mafics.
Outcrop on hill west of road between
route 99 and Stony Wold, 0.2 miles from
route 99.
Pyroxene hornblende granitic syenite,
gneissic.
From quarry on hillside 2.4 miles east
of Onchioto.
Pyroxene hornblende granitic syenite,
pink weathering gneiss, highly contorted
mafic bands.
Roadcut on north side of route 3, 4.0 miles
north of Vermontville.
Pyroxene hornblende quartz syenite,
feldspar grains to 1/4 inch, very gneiss-
ic.
Roadcut on route 3, 3.2 miles north of
R 6010
R 6011
R 6012
R 6013
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Vermontville.
Similar to R 6012, feldspar is white.
R 6014 Roadcut on route 3, 1.4 miles north of
Vermontville.
Similar to R 6011.
Laramie, Wyoming Samples
R 6035 o o
(6-24-B) Lat. 41 34' N., Long. 105 23' W.
Olivine anorthosite, coarse, very dark,
no crushed material, anhedral plagioclase
up to one inch, olivine not apparent.
R 6036
(TR 7-1)
R 6038
(S-100)
R 6039
(TR 10-16)
o o
Lat. 41 34' N., Long. 105 25.5' W.
Noritic anorthosite, medium grain, 50%
dark gray plagioclase laths to one cm.
in yellowish plagioclase matrix.
Lat. 41 32.5' N., Long. 105 22' W.
Anorthosite, dark gray plagioclase phe-
nocrysts to 3 cm. separated by 30% white
crushed plagioclase, 5% mafics.
o 0
Lat. 41 38' N., Long. 105 25.5' W.
Noritic anorthosite, anhedral dark gray
plagioclase phenocrysts to 1 cm. in
crushed white plagioclase matrix (20%).
R 6040
(TR 10-3)
R 6041
(974)
R 6042
(TR 10-7)
o o
Lat. 41 37.5' N., Long. 105 20' W.
Anorthosite, massive anhedral dark gray
plagioclase, 5% mafics.
o o
Lat. 41 36' N., Long. 105 20' W.
Anorthosite, dark gray plagioclase phe-
nocrysts to 1 cm. (25%) in matrix of
white crushed plagioclase, mafics 5%.
o o
Lat. 41 37.5' N., Long. 105 21.3' W.
Anorthosite, dark gray plagioclase (70%),
crushed white plagioclase (30%), minor
mafics.
R 6043 o o
(43-3) Lat. 41 47' N., Long. 105 21' W.
Anorthosite, dark gray plagioclase laths
to 1 cm. (50%), white plagioclase matrix
(45%), 5% mafics.
Honeybrook, Pennsylvania Samples
Collector: N. Herz
R 6045 o o
(HWN 65-4) Lat. 40 4.2' N., Long. 75 47' W.
Anorthosite, white (60%) and gray (40%)
granular plagioclase grains to 0.5 cm.,
5% mafics.
R 6046 o o
(HWN 65-5) Lat. 40 4.9' N., Long. 75 46.9' W.
Similar to R 6045.
San Gabriel, California Samples
R 6048
(53 SG-8) Anorthosite, badly sheared medium gray
plagioclase with mica flakes on shear
planes.
Pluma Hidalgo, Mexico Samples
R 6049
(PH 2-a) Alkali anorthosite, light gray granula
R 6050
(PH 2f2)
feldspar with scattered rounded pheno-
crysts to 0.5 cm., 3% quartz in veins,
4% mafics in veins.
Alkali anorthosite, white antiperthite
and plagioclase, thin quartz veinlets
with muscovite (5%), ilmenite (15%),
rutile (20%).
R 6051
(PH 2g2) Alkali anorthosite, white antiperthite
with minor plagioclase, 10% quartz vein-
lets, 10% rutile veinlets, 5% ilmenite
veinlets.
Roseland, Virginia Samples
Collector: N. Herz
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r
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R 6053
(HV 64-5a) Anorthosite, largely fine grained or
crushed feldspar, a few feldspar pheno-
crysts to 1 cm., 1% mafics.
R 6055
(HN 65-7a2)Anorthosite, massive white feldspar (65%)
cut by quartz veinlets up to 1 cm. thick,
5% magnetite-ilmenite.
R 6056
(HN 65-7h) Anorthosite, very coarse light gray
feldspar phenocrysts separated by 15%
white crushed feldspar, dark gray quartz
veinlets (10%), altered mafics (1%).
R 6058
(HP 65-34c6) Anorthosite, light gray feldspar,
variable grain size to 1 cm., cut by
veinlet of white feldspar, 1% quartz,
1% altered mafics.
Nain, Labrador Samples
Collected by: E.P. Wheeler, 2nd
R 6059 o o
(H 2) Lat. 56 32' N., Long. 61 41' W.
Pale facies noritic anorthosite, dark
gray medium grained plagioclase (50%)
in crushed plagioclase matrix, 5% mafics.
R 6060
(H 3) Lat. 57 00' N., Long. 62 37' W.
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Buff-weathering noritic anorthosite,
coarse grained, bluish plagioclase phe-
nocrysts to 1 cm. in white plagioclase
matrix, 10% mafics.
R 6061 o o
(H 4,2-1649) Lat. 56 51' N., Long. 62 38' W.
Mangerite ? Wheeler states that this
is an unusually fresh specimen of this
readily-rusting rock, which occurs in
what may be a gradation zone between
anorthosite and olivine adamellite.
It is made up ef dark gray-green granu-
lar plagioclase with 5% mafics, an anor-
thosite.
R 6062 o o
(H5, 2-1653) Lat. 56 51' N., Long. 62 42' W.
Adamellite ?, medium grained yellowed
feldspar (60%), feldspar phenocrysts
to 1 cm. (15%), 25% mafics. A border
rock between anorthosite and adamellite.
R 6063 o o
(H 6) Lat. 56 24' N., Long. 61 21' W.
Dark facies anorthosite, medium grained
dark gray plagioclase, 15% mafics.
R 6064 o o
(2-1347) Lat. 57 16.4' N., Long. 62 15' W.
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R 6065
(2-1419)
Boehls Butte,
Collector: A.
R 6066
(1799)
R 6067
(1814)
R 6070(1362)
R 6072
(1419)
Hornblende adamellite with accessory
clinopyroxene, 70% white feldspar, 30%
mafics.
o o
Lat. 56 45.3' N., Long. 62 50.2' W.
Olivine adamellite, uneven grained dark
yellow gray feldspar phenocrysts to 1 cm.
Idaho Samples
Hietanen
o o
Lat. 47 2.5' N., Long. 115 49.5' W.
Anorthosite, coarse gray plagioclase
with interstitial mafics, 15% amphibole,
1% biotite.
o o
Lat. 47 3.7' N., Long. 115 53.4' W.
Anorthosite, coarse gray plagioclase,
1% mafics.
o o
Lat. 47 2.2' N., Long. 115 53.0' W.
Gneissic anorthosite ?, fine grain gray
plagioclase with 20% mafics (hornblende)
in thin bands.
o o
Lat. 46 56.1' N., Long. 115 49.6' W.
Anorthosite, medium grain light green
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plagioclase, 5% mafics.
R 6074 o o
(605) Lat. 46 51.8' N., Long. 115 49.1' W.
Anorthosite, 40% anhedral gray plagio-
clase "phenocrysts" to 1 cm., 55% fine
grain white plagioclase, 5% mafics.
R 6076 o o
(600) Lat. 46 51.9' N., Long. 115 46.2' W.
Anorthosite ?, 80% white medium grain
plagioclase, 20% mafics, largely biotite.
R 6077 o o
(609) Lat. 46 51.1' N., Long. 115 50.9' W.
Anorthosite, medium grain white plagio-
clase, 5% mafics.
R 6080 o o
(1647) Lat. 46 52.0' N., Long. 115 54.8' W.
Gneissic anorthosite ?, alternating
white and gray bands of fine grain pla-
gioclase with black bands of hornblende.
Michikaman, Labrador Samples
Collector: R.F. Emslie
R 6081
(EC 63-78) From the north lobe anorthosite zone.
Anorthosite, medium grain gray plagioclase,
1% mafics.
R 6082
(EC 63-101A) Troctolite zone in North anorthosite lobe.
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Troctolite,, coarse grain dark gray feld-
par, 15% mafics, (olivine ?).
R 6083
(EC 63-150A) From eastern edge of the intrusion
on Fraser Lake.
Olivine gabbro, border group medium
grain, dark gray plagioclase, 30% mafics.
Morin, Quebec Samples
Collector: R.F. Emslie
R 6084 o o
(E 64-40) Lat. 46 04' N., Long. 76 17' W.
Leucogabbro, dark red brown plagioclase,
15% mafics.
R 6085 o o
(S 64-210) Lat. 46 8' N., Long. 74 11' W.
Anorthosite, dark gray medium grain
plagioclase, 10% mafics.
Lake St. John, Quebec Samples
R 3072 Anorthosite from Arvida, Quebec.
R 6095 From the Peribonca Quarry.
Anorthosite, coarse grain dark gray
plagioclase.
Ekersund-Sogndal, Norway Samples
From the Smithsonian Institution
R 6128
(109333) From Naalang, Norway.
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Anorthosite, very coarse dark gray pla-
gioclase (80%), pyroxene (20%).
R 6129
(109334) From Rekefjord, Norway.
Anorthosite, coarse brown plagioclase.
Naero Fjord, Norway Samples
From the Harvard Museum Collection
R 6132
(15040) Anorthosite, light gray and white pla-
gioclase, 2% mafics.
R 6133
(15042)
R 6134
(15052)
Pyroxene anorthosite, medium grain,
gray plagioclase (85%), mafics (15%).
Anorthosite, very coarse white plagioclase,
10% mafics (pyroxene ?).
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